Abstract. A prototype of a multiway fibre bundle connector for astronomical applications is described. The connector provides for connection and disconnection in the fiber trains that feed an astronomical spectrograph. It also provides the more important function of converting the focal ratio from f/2 to f/5 because f/2 is too fast either for good transmission of light along a substantial length of fiber or for the input to typical astronomical spectrographs. The fiber bundle connector consists of 100 coupling fibers. It works over the full 0.9-to 1.8-m wavelength range, and the chromatic aberration is well corrected in the design. The design principle and the construction of the connector are discussed. The measured coupling efficiency is up to 88%. The coupling efficiency is compared with a theoretical estimate, and good agreement is achieved. Possible further improvement is discussed.
Introduction
Fiber connectors were first used for optical fiber communication systems, 1 where the connectors only needed to work at monochromatic wavelength or over a narrow wavelength band. The connector losses range from 10% to 40%, depending on the techniques employed. 2 Normally, each connector consists of one source fiber and one receiving fiber. 3, 4 These techniques are of limited use for building a 2-D fiber bundle connector, which needs to couple a large number of fibers simultaneously. V-groove techniques 5, 6 have also been used to build linear multifiber connectors; however, the coupling efficiency is not known. Most of these connectors only use bare fiber, and no lenses are employed, so they cannot convert the focal ratio to a different value at the receiving fiber.
There is very little published work on the use of fiber connectors for astronomical instrumentation. A fiber connector was developed at the Anglo-Australian Observatory, which couples the light from one source fiber to seven receiving fibers and delivers 45% throughput. 7 The Fiber-Multi-Object Spectrograph ͑FMOS͒ 8 is a fiber-fed spectroscopic facility under development for the 8-m SUBARU telescope. The first phase of this system will consist of a multiobject fiber positioner ͑Echidna͒, a multiple-fiber-fed near infrared ͑NIR͒ spectrograph. At the SUBARU f/2 prime focus, the Echidna positioner will provide a multiobject mode for up to 400 fibers. Since the whole system would be too large for a prime-focus instrument, the spectrographs are located off the telescope and on the observing floor. This necessitates a break in the fiber train using a fiber connector so that the prime-focus instrument can be stowed in the instrument storage room when the system is not in use. Another important function of the fiber connector is to convert the focal ratio from f/2 to f/5, because the f/2 is too fast either for good transmission of light along a substantial length of fiber, or for the spectrographs.
In this paper, a prototype fiber bundle connector for astronomical applications, which consists of 100 coupling fibers, is described. The optical design of the connector is discussed first; then the coupling efficiency is analyzed when optical aberration and alignment error are present. The construction of the connector is then described. Finally a measurement of the coupling efficiency is reported and compared with a theoretical estimation, and possible further improvements are indicated.
The Design Philosophy of the Fiber Connector
Techniques for coupling light from a source fiber to a receiving fiber have been discussed by Nicia 9 for application to communication systems. The light from the source fiber is first collimated by a collimating lens, and then focused onto the receiving fiber by a focusing lens. In Nicia's discussion, the collimating lens and the focusing lens are of the same focal length, so the light is coupled onto the receiving fiber at an image magnification of 1, and the focal ratios are the same for both the source and receiving fibers. Different lenses ͑planar-curvature microlens, ball lens, and gradient-refractive-index lenslet͒ can be used. However, no discussion of fiber focal ratio degradation ͑FRD͒ or nonconservation of A⍀ ͑the area-angle product͒ is included in Nicia's paper. For an astronomical spectrometer, nonconservation of A⍀ will result in either a low spectral resolu- tion or light vignetting loss because of the large output cone angle when the light is fed to a spectrometer. Based on Nicia's method, a method is presented that can be used to couple light from the source fiber to the receiving fiber and convert the focal ratio to the required value. At the same time, A⍀ is conserved everywhere at the fiber end face. The principle is shown schematically in Fig. 1 . The foci of the collimating lens and focusing lens are coincident. The focal-ratio conversion is achieved by choosing different focal lengths for the collimating lens and focusing lens, respectively. Note that the chief rays, which are parallel to the optical axis on the source-fiber end face, are still parallel to the optical axis after being coupled onto the receiving-fiber end face, so A⍀ is exactly conserved everywhere on the receiving-fiber entrance face. This means that no extra FRD is introduced in the coupling process.
From Fig. 1 , the magnification M is given by
where D 1 , F 1 , and f 1 are the source-fiber diameter and focal ratio and the focal length of the collimating lens, respectively, and D 2 , F 2 , and f 2 are the receiving-fiber diameter and focal ratio and the focal length of the focusing lens, respectively. For the prototype, F 1 ϭ2.0 and F 2 ϭ5.0, so this requires M ϭ2.50, i.e., f 2 ϭ2.5f 1 .
The Optical Design
Selfoc lenses were chosen for the prototype fiber bundle connector due to their low cost and high image quality when working in a fast beam ͑f/2͒. The Selfoc lens is a radial-gradient-index lens. The fabrication process of Selfoc lenses has been described by Miyazawa et al. 10 Other lenses, such as conventional spherical lenses, were also investigated and were excluded because of their poor image quality at f/2. Ball lenses are not acceptable, because they introduce more air-glass interfaces in the connector, which will result in a low coupling efficiency because of the losses due to Fresnel reflection. Selfoc lenses have been used to couple light to multimode fibers for applications in communications. 1, 11, 12 According to the Selfoc product sheet, the transmission can reach 99.5%, depending on coating, for a 5-mm-thickness blank in the wavelength range 400 to 2000 nm. A 0.25 pitch is chosen, because these lenses can be used as collimating and focusing lenses and the fibers can be glued on one of the lens faces. For a 0.25-pitch lens, the focal length can be expressed as
where A is the squared gradient constant, and N 0 is the on-axis refractive index. Obviously, the focal length of the Selfoc lens is decided by the gradient-index material. By careful choices, it is found that the combinations of a Selfoc SLW 1.0 0.25 gradient-index lens and a Selfoc SLS 2.0 0.25 gradientindex lens can yield a ratio of focal lengths that is equal to The focusing lens is a SELFOC SLS 2.0 0.25 gradientindex lens. The gap between the two lenses is about 0.4 mm.
The optical layout of the fiber connector is shown in Fig.  2 . The pupil is located on the back end face of the focusing lens with a diameter of about 500 m. To reduce the losses due to Fresnel reflections, the source and receiving fibers can be glued on the flat end face of the collimating and focusing lenses, respectively. There are two air-glass interfaces between the collimating and focusing lenses, with a gap of 0.4 mm between the two lenses. The spot diagram of the optical aberration is shown in Fig. 3 . The design is optimized in the wavelength range of 0.9 to 1.8 m. The Selfoc lenses have strong chromatic aberration in visible wavelengths, but this is not so serious in the NIR. This has been confirmed by ray tracing. The 0.25-pitch Selfoc lenses have different lengths, which correspond to different optimized working wavelengths. The optimization in the NIR wavelength range for the fiber bundle connector is therefore the choice of a suitable combination of the collimating and focusing lenses. From Fig. 3 , it is clear that the image quality of this system is very uniform for 0.9-to 1.8-m wavelengths with only a slight degradation at the blue end.
Summary Lens diameter 2.0Ϯ0.010 mm Focal length 2.589 mm Lens length 6.466Ϯ2.5%
Image magnification: 2.50 ͑f/2 to f/5͒.
The designation 0.83 means that the lens is optimized at 0.83-m wavelength. An actual measurement shows that the tolerances of the lenses are much smaller than that given in the catalog. The actual variations of the lens diameter are about 6 m. The small tolerance makes it possible to use a high-precision sleeve to center the lens and fiber accurately. Compared with conventional lenses, the ease of alignment due to the cylindrical shape of the lens is an important advantage of the Selfoc system. Any alignment error will result in a low coupling efficiency, as is discussed in a later section.
The Choice of the Receiving Fiber Core Size
A fiber bundle connector may suffer from low coupling efficiency because of optical aberration. For the prototype connector, the source-fiber core size is 85 m. According to ray tracing, the ideal image size for this fiber core diameter is 220 m on the back end face of the focusing lens. The maximum rms spot radius due to optical aberration is ϭ6.5 m ͑see Fig. 3͒ . The ideal image of the source fiber will be broadened by the optical aberration. If we assume that the optical aberration is a symmetrical Gaussian function and that the ideal image of the source fiber is a symmetrical rectangular function, the broadened image profile of the irradiance is also a symmetrical function and can be expressed as a convolution of the symmetrical rectangular function with the symmetrical Gaussian function, 13 I͑r
where erf(x) is the error function, and I i (r) is the polar representation of the ideal image of the source fiber on the receiving-lens end face. This treatment assumes that the ideal image is uniform in intensity over the whole area, which represents the worst case in the coupling-efficiency calculation, since it makes the coupling efficiency very sensitive to optical aberrations. In Eq. ͑3͒, G(r) is the polar representation of a Gaussian function, which represents the optical aberrations of the connector system. The functions I i (r) and G(r) are given as
where d is the diameter of the ideal image of the source fiber and r is the radius distance from the center of the image, and
where is the standard deviation of the Gaussian function. The coefficient 1/(2 2 ) normalizes the function to unit volume.
When optical aberration is present, the coupling efficiency can be calculated as
where R is the core radius of the receiving fiber. The broadened image irradiance I(r) can be calculated by Eq. ͑3͒. The broadened image irradiance section profile and the coupling efficiency are calculated numerically, with the results illustrated in Fig. 4 and Fig. 5 , respectively. It is obvious that the receiving fiber needs to be oversized if high coupling efficiency is required. If the receiving fiber diameter is 246 m, almost no light is lost because of the optical aberration. The actual receiving-fiber core diameter is chosen as 250 m because that is the size of an in-stock fiber. 4 The section profile of the source-fiber image irradiance of the FMOS fiber bundle connector at the focusing-lens back end face.
Coupling Efficiency and Fiber Alignment Error
For the optical system in Fig. 1 , the following alignment errors exist: the position alignment error between the center of the source fiber and the optical axis of the collimating lens, the position alignment error between the center of the receiving fiber and the optical axis of the focusing lens, and the angle alignment error caused by the tilt of the optical axis of the collimating lens with respect to that of the focusing lens. All of the alignment errors will result in an error in position of the image on the end face of the receiving lens, causing a position error between the image of the source-fiber core and the receiving-fiber core, which will result in a loss of light in the coupling. It must be noted that a shift of the source-fiber-collimating-lens subassembly in the vertical plane perpendicular to the optical axis does not change the position of the source-fiber image on the surface of the receiving fiber, and so this shift has no effect on the coupling efficiency. This is a fundamental advantage for this collimated light coupling system, which makes it possible to build a fiber bundle connector consisting of 100 pairs of coupling fibers.
The position error caused by the fiber alignment error on the receiving-fiber end face is schematically shown in Fig.  6 . Here the image of the source-fiber core is shifted by ⌬y with respect to the position of the receiving-fiber core. In an ideal case, the image of the source fiber will be centered exactly on the receiving fiber and thus ⌬y is zero. If an alignment error exists, ⌬y will not be zero and some light will be lost outside the receiving-fiber core, resulting in a low coupling efficiency. In Fig. 6 , it is assumed that the size of the receiving fiber is exactly the same as that of the image of the source fiber. Oversizing of the receiving fiber allows it to accept more light and thus increase the coupling efficiency, as discussed in the previous section. Note that, as mentioned previously, any source of alignment error will cause a position error between the image of the source fiber and the receiving-fiber core on the focusing-lens end face. So the alignment errors can always be expressed as a position error on the focusing-lens end face.
The position error on the focusing-lens end face caused by the alignment error between the source fiber and the collimating lens can be expressed as ⌬y a ϭM ⌬y 1 . ͑7͒
For the prototype connector, M is 2.5. The source-fiber alignment error will be magnified 2.5 times, and this means that this alignment error needs to be tightly controlled. The position error caused by the alignment error between the receiving fiber and the focusing lens can be directly expressed as
The position error caused by the angle alignment error between the optical axis of the collimating lens and the optical axis of the focusing lens is a tilt error, and is given by
where is the tilt error between the collimating and focusing lenses. Finally, on the receiving-fiber input entrance ͑i.e., the end face of the focusing lens͒ the position error caused by all the alignment errors is just the sum of all the position errors and is given as ⌬yϭ⌬y a ϩ⌬y b ϩ⌬y c ϭM ⌬y 1 ϩ⌬y 2 ϩ f 2 tan . ͑10͒
The coupling efficiency is defined as the fraction of the light power of the source fiber that can be coupled onto the receiving fiber. From Fig. 6 , the coupling efficiency when misalignment or alignment errors are present can be given as
where A is the intersection area of the source-fiber image and the receiving-fiber on the receiving-fiber input entrance, A 0 is the area of the image of the source fiber, and I is the irradiance of the image of source fiber and can be calculated according to Eq. ͑3͒. The coupling efficiency is calculated by a numerical method, and the result is shown in Fig. 7 . For a diameter D of the image of the source fiber and an alignment error ⌬y, the coupling efficiency is a function of the alignment error ⌬y/D and is almost linearly reduced with the alignment error if the optical aberration is fixed. For 95% and 90% coupling efficiency, it is required that the alignment errors be less than 0.04D and 0.08D, respectively. Note that no reflection loss is considered in the calculation.
If the required coupling efficiency is 95%, this requires that ⌬y be less or equal to 0.04D. Here we assume that the total alignment error is composed of three equal sources of error, i.e., ⌬y 1 ϭ⌬y 2 ϭ⌬y c . For a diameter Dϭ250 m of the receiving fiber, from Eqs. ͑8͒, ͑9͒, ͑10͒, and ͑11͒ one can get the allowed alignment error for each part as ⌬y 1 ϭ⌬y 2 ϭ0.009Dϭ2.2 m and ϭ0.05 deg. Table 1 lists some results of the calculations.
The Tests of the Selfoc Lenses
In order to reduce the risks and uncertainties, some measurements and tests were carried out before the construction of the fiber bundle connector. These included the measurement of the image quality of the Selfoc lenses, the magnification of the connector, and the spectral transmission of the Selfoc lenses over the 0.9-to 1.8-m wavelength range.
PSF and Encircled Energy
The Selfoc microlenses are key elements for the fiber connector. Most microlenses suffer from low encircled energy because of the wavefront aberration and surface roughness. The wavefront aberration pushes a substantial fraction of the light into the wings of the point spread function ͑PSF͒. The surface roughness may introduce scattered light. The PSF and encircled-energy measurements for the Selfoc collimating and focusing lenses are shown in Fig. 8 and Fig. 9 , respectively. Both lenses have been shown to provide ex- 
Magnification
The magnification M is a key specification for the fiber bundle connector. Too small a magnification may result in an output beam that is too fast for the spectrograph; too large a magnification will result in an image of the source fiber that is larger than the receiving-fiber core at the entrance face, giving a low coupling efficiency. A large magnification may also result in a focal ratio slower than f/5 for the receiving fiber, which would give rise to the FRD problem in the receiving fiber. The required magnification is given by the ratio of the focal lengths of the collimating and focusing lenses. A combination of the two lenses that meets the design specification must therefore give a magnification of 2.5.
The magnification was measured by imaging a pinhole onto the back surface of the focusing lens, using an optical layout similar to that of Fig. 1 , but with the source fiber replaced by a pinhole with a diameter of 100 m. The pinhole is imaged onto the back end face of the focusing lens where the receiving fiber will be located. The measured image size of the pinhole can be used to work out the magnification of the connector. The measurement was made using a microscope, and the pinhole image size was read using a translation stage. The pinhole image is shown in Fig. 10 . This measurement confirms that the magnification is 2.5 with an accuracy of Ϯ2%. The test also confirms that the source fiber ͑here replaced by the pinhole͒ can be accurately imaged onto the back end face of the focusing lens where the receiving fiber will be located.
Transmission
The Selfoc lenses are made from oxide glass. Some of these materials may have strong absorption at the wavelengths around 1.3 m, which will result in a low transmission. A spectral transmission measurement is necessary to check the spectral absorption characteristics of the Selfoc lens although the manufacturer claims a minimum transmission of 89% for noncoated lenses with a 5-mm thickness over the wavelengths from 380 to 2000 nm ͑SELFOC Product Guide 2000͒. The spectral transmission measurement was made using two SLS 2.0 Selfoc lenses, which combined to form an afocal optical system. Because the measurement is to check whether there is significant spectral absorption over the 0.9-to 1.8-m wavelength range, only relative transmission was measured. A Perkin-Elmer UV-VIS-NIR Lambda 19 atomic absorption spectrophotometer was used for the measurement. The measurement result, confirming that there is no significant absorption feature in the near infrared, is shown in Fig. 11 .
The Construction of the Fiber Bundle Connector
The fiber, ferrule, and Selfoc lens were assembled into a sleeve to form a subassembly. The fiber was first inserted into a fiber ferrule and glued with epoxy adhesive. The epoxy was carefully chosen to minimize the shrinkage when curing. This constraint is necessary to reduce the FRD of the fiber, which may be introduced by the stress due to the adhesive. The adhesive also has good polishing characteristics, so that a high-quality finish could be achieved. The ferrule and fiber were polished together until a mirror-finish surface was achieved. The Selfoc lens and the polished ferrule fiber were then inserted into the sleeve, and glued in place using Norland 61 UV-cured adhesive. The interfaces of the Selfoc lens, fiber, and fiber ferrule were also glued together in this process. The Norland 61 adhesive was used because of its good transmission in the NIR. The subassembly is schematically shown in Fig. 12 for both source fiber and receiving fiber. The source fiber, its ferrule, the Selfoc lens, and the sleeve constitute a collimating subassembly, with a focusing subassembly for the receiving fiber ͑Fig. 13͒. The sleeve of the collimating subassembly is made of borosilicate glass, and the source fiber and ferrule can be clearly seen inside the sleeve; the sleeve of the focusing subassembly is made of stainless steel. The ferrule-sleeve assembly serves to provide accurate centering of the fiber-lens pair. The individual subassemblies were inserted into a metal plate and glued by epoxy. Each metal plate ͑one for each half of the connector͒ has 100 holes to accommodate these subassemblies. The two plates were manufactured by precision-grinding the two mating surfaces. The two plates were then doweled and clamped together. Custom-made reamers were employed to produce accurately bored holes through both components simultaneously so as to ensure precise alignment and eliminate the tilt alignment error between the collimating and focusing lenses. The mechanical drawing of the fiber bundle connector assembly is shown in Fig. 14 .
The two parts of the fiber bundle connector can be connected or disconnected quickly. In use, a central locating pin locates the two plates together, with a second pin providing radial alignment. The prototype connector uses capscrews to secure the two plates together, but it is envisaged that the final design may use a bayonet connection, with the two plates held together using a spring. A photograph of the finished prototype of the connector is shown in Fig. 15 .
The fiber ferrule is produced by a precision draw process, and could be made from metal or glass. The inside diameter can be accurate to within a tolerance of Ϯ1 m for both metal ͑Nippon Tokushukan Mfg. Co. Ltd 2000͒ and glass ferrules.
The source fiber used was CeramOptec WF 84/100/107P low-OH fiber. The fiber core diameter was 84 m, and the actual buffer diameter was 109 m. The ferrules for the source fibers were purchased from InnovaQuarts Inc. This is an in-stock product with 126 Ϫ0 ϩ2 -m inner diameter ͑ID͒, 990Ϯ10-m outer-diameter ͑OD͒, and 5-mm length. The in-stock ferrule is used because of its low cost. The sleeves were custom-designed to match the ferrule and the lens sizes, and were manufactured by Vitrocom Inc. The receiving fiber used was Polymicro Technologies FIP250275305 low-OH fiber. The fiber core diameter was 250 m, and the actual buffer diameter is 305 to 307 m. The ferrules for the receiving fibers were custom-designed and were manufactured by Microlap Technologies, Inc. The stainless steel sleeves were purchased from CNW Coopers Needle Works Ltd.
Polishing the end of the fiber is a critical aspect of the construction and can greatly affect the quality of the finished product. A mirror-finished end of the fiber-and-ferrule assembly surface is desired, as this can reduce the light loss at the interface if the surface is clean. Microphotographs of fibers in the ferrules after polishing are shown in Fig. 16͑a͒ and 16͑b͒ for source and receiving fibers, respectively. Note that there is a decenter alignment error for the source fiber in Fig. 16͑a͒ because the source-fiber ferrule was not custom-designed and there is a large gap between the fiber OD and the ferrule ID. The decenter is estimated to be about 8 m. The ferrule for the receiving fiber in Fig. 16͑b͒ was custom-designed, and the fiber is accurately centered in the ferrule.
The Measurement of the Coupling Efficiency
The apparatus used to measure the coupling efficiency is schematically shown in Fig. 17 . A pinhole is illuminated by a lamp. The image of the pinhole is projected onto the 84-m fiber entrance end face at f/2 by lens 3 and lens 6. The image size of the pinhole is 20 m. The fiber entrance end is installed on an XYZ translation-and-tilt stage to align the pinhole image accurately with the fiber core. The f/2 beam is achieved by adjusting the size of aperture 5. A narrowband filter 4 is located in the collimated light between lenses 3 and 6 to allow only the specific wavelength to be measured. The f/5 output beam at the other fiber end face of the connector is imaged onto the CCD detector 9 by an image system 8. The CCD detector is sensitive over the wavelength range of 0.4 to 1.0 m. The image of the fiber output end is recorded by the CCD and is shown in Fig.  18͑b͒ . The flux is integrated over an area slightly larger than the fiber image after subtracting a background exposure. The Selfoc focusing lens and receiving fiber are then removed to leave only the input fiber and Selfoc collimating lens 10. The Selfoc collimating output end face, which is also the pupil of the fiber connector, is imaged onto the CCD ͓Fig. 18͑a͔͒. Again the flux is integrated over an area slightly larger than the Selfoc lens after a background exposure is subtracted. The coupling efficiency of the fiber connector is the ratio of the integrated fluxes at the fiber connector output end and at the Selfoc collimating lens output end face.
The measurement is made at 0.905 m, and the coupling efficiency is 81.25%. This includes the Fresnel reflection losses at two air-glass interfaces. The Selfoc lenses and the fiber ends are not currently antireflection-coated. The coupling efficiency is about 88% if the losses in the two airglass interfaces are removed. The coupling efficiency at other wavelengths in the 0.9-to 1.8-m range is expected to be similar or slightly better than that at 0.905 m, be- Note that the source fiber is not accurately centered, as the ferrule is not custom-designed. The receiving fiber is accurately centered in the custom-designed ferrule.
Fig. 17
Schematic of coupling-efficiency measurement of the FMOS fiber bundle connector: 1, lamp; 2, 50-m pinhole; 3, first lens; 4, narrowband filter; 5, aperture; 6, second lens; 7, fiber bundle connector; 8, imaging system; 9, CCD detector; 10, source fiber and collimating lens (collimating subassembly).
cause the optical aberration is almost the same over the whole wavelength range, with slight degradation at 0.9 m ͑see Fig. 3͒ . The 8-m decenter of the source fiber in the ferrule ͓see Fig. 16͑a͔͒ introduces 20-m decenter on the receiving fiber entrance according to Eq. ͑7͒. The 20-m alignment error results in about 10% losses in the coupling efficiency ͑see Table 1͒ . The measurement is in good agreement with the theoretical estimate.
The measurement has an accuracy of 1%. The variation of coupling efficiency from fiber to fiber is less than 3%, and this includes the variation that may be caused by the lamp light source.
Further Improvement
Further improvement can be made to increase the coupling efficiency. These include antireflection ͑AR͒ coating for the Selfoc lenses. The material of a Selfoc lens is doped silica, which can be AR-coated by conventional thermal evaporation vacuum coating. Single-layer MgF 2 AR-coated Selfoc lenses can be purchased from Melles Griot. Ion-assisted deposition ͑IAD͒ can also be considered: this technique has been applied to sensitive material at temperatures well under 100°C, such as epoxy microlens arrays. The IAD coating can be applied on the two interfaces of the fiber bundle connector, so that 100 lenses can be coated simultaneously after the connector is built. It is estimated that about 5% gain in coupling efficiency can be achieved after AR coating.
Further gain in coupling efficiency can be achieved by using a custom-designed fiber ferrule for the source fiber to reduce the alignment error, since this is the dominant source of light loss in the coupling. Currently this alignment error introduces 10% coupling efficiency loss, and it is estimated that about 5% to 7% increase in coupling efficiency may be achieved by using a custom-designed ferrule. These improvements will be made in the next phase, and it is estimated that the coupling efficiency of the fiber bundle connector may then be better than 90%.
Summaries and Conclusions
The design, theory, and construction of a prototype multiway fiber bundle connector have been presented. Good agreement between theoretical estimation and actual measurement has been achieved. The coupling efficiency is about 88% if the losses in two air-glass interfaces are not included. The coupling efficiency of the prototype is dominated by the alignment error of the source-fiber-and-ferrule assembly, arising because this ferrule is an in-stock product and not custom-designed. Further improvement has also been discussed. The coupling efficiency is estimated to be better than 90% if the in-stock ferrule were replaced by a custom-designed one. Ray Sharples is the head of the astronomical instrumentation group at Durham. His technical interests are in wide-field multiobject spectrographs, using either optical fiber feeds or focal plane masks, and in adaptive optics. He is also a practicing astronomer who regularly uses optical-infrared 4-to 8-m telescopes around the world for studies of stellar populations and the evolution of galaxies in clusters.
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